Abstract. Techniques for the in vitro 'reconstruction' of freshwater rainbow trout branchial epithelia using the primary culture of gill cells on permeable polyethylene terephthalate cell culture filter supports are described. Representing models of the freshwater fish Critical to this second procedure is the repeat seeding of filter inserts over a two day period. Repeat seeding appears to allow MR cells to nest amongst the attached cell layer generated by the first day's seeding. The use of cell culture filter supports allows free access to both the apical and basolateral compartment of the epithelium and is ideal for experimental manipulation. Cells are grown under symmetrical conditions (apical media/basolateral media) and epithelium growth is measured as a function of transepithelial resistance (TER). When the epithelia exhibit a plateau in growth they can be subjected to asymmetrical conditions (freshwater apical/media basolateral) in order to assess gill cell function as in vivo.
Introduction
The fish gill is an architecturally complex organ and like many other epithelia, it is composed of several cell types. This presents certain problems that hinder mechanistic understanding of ion transport across the branchial epithelium in vivo. Firstly, the structural complexity of the gill prohibits the application of key in vivo physiological techniques and secondly, the cellular heterogeneity of the epithelium results in difficulties associated with pinpointing specific cellular sites of ion transport. Stemming from these fundamental obstacles was the development of flat epithelial surrogate gill models, such as the opercular epithelium [14, 20] or jaw skin epithelium [25] , that are now well established tools in the assessment of ion transport mechanisms across epithelia representing the seawater fish gill [27, 30] . However, despite an equally substantive research effort [4, 14, 26, 28, 29, 41 ], a comparable model for the freshwater fish gill still proves elusive.
The majority of gill cell types, by number and/or mass, fall into two categories: the pavement (or respiratory) cells and the mitochondria-rich (MR, or chloride) cells. It is, therefore, not surprising that both these cell types are currently accepted as 'major players' in fish ionic regulation [17, 34] . By utilizing methods for the primary culture of freshwater fish gill cells on cell culture filter supports, an entirely different approach towards the development of a surrogate freshwater fish gill model can be taken. These methods allow us to obtain a 'reconstructed' flat epithelial gill model for freshwater fish and, by virtue of our ability to culture pavement cells either alone or in conjunction with MR cells, provide the potential for considerable insight into the role that these two primary cell types play in ionic regulation.
Currently, our research is focused on using methods of primary gill cell culture to elucidate freshwater fish ion transport mechanisms that remain highly controversial [10, 21, 34] and a growing interest in fish gill cell culture would seem to indicate that the use of such techniques is likely to gain momentum [12, 23, 36, 39] . In addition, the cultured gill epithelium has several applications in toxicology. It offers the possibility to investigate and understand toxic mechanisms at the cellular level in the gills, mechanisms that cannot be approached with general in vivo methods. The preparation has been used to investigate the effects of copper on the barrier properties of the gill epithelium (membrane and tight junction integrity; [19] ) and has also been used to prove the presence of Phase I and Phase II drug metabolism in the gill epithelium, indicating an active role of the epithelium in the turn-over of persistent organic contaminants [6, 7, 24] . This report describes the culture systems and procedures that have been routinely used in our laboratory and have proven successful in the generation of a flat 'reconstructed' model for the freshwater fish gill [13, 15, 16, 42, 43] . Make up the following solutions to 50 ml with PBS (pH 7.7): -5 ml (0.5% trypsin, 5.3 mM EDTA.4Na) (×10). -0.5 ml 2% EDTA (2Na · 2H 2 O) in PBS (pH 7.7). 07. 'STOP' solution:
Materials
Add 2 ml fetal bovine serum to 18 ml PBS (pH 7.7). 08. 'RINSE' solution:
Add 0.5 ml fetal bovine serum to 19.5 ml PBS (pH 7.7). 09. 'MEDIA + ANTIBIOTIC':
Make up the following solutions to 100 ml with L-15 media: -5 ml fetal bovine serum.
-2 ml Acrodisc Aliquot the appropriate volume of cell suspension into the apical side of the cell culture insert and make the final apical volume up to 0.8 ml with additional 'MEDIA -ANTIBIOTIC'. Add 1 ml of 'MEDIA -ANTIBIOTIC' to the basolateral side and clearly label plate with seeding date. Incubate plate/s at 18 °C in an air atmosphere. Note: After seeding the cell culture inserts we generally assign this culture time to be day 0. 6. Culture and monitoring of cell culture inserts. a) After incubating culture plates for 24 h (now designated day 1 and so on), top-up apical media with 0.7 ml 'MEDIA -ANTIBIOTIC' (final apical volume of 1.5 ml). Top-up basolateral compartment with 1 ml 'MEDIA -ANTIBIOTIC' (final basolateral volume of 2 ml). Incubate for a further 24 h at 18 °C in an air atmosphere. b) On day 2 of the insert culture period, completely change media with fresh 'MEDIA -ANTIBIOTIC' by carefully aspirating the apical and basolateral compartment of the cell culture insert and replacing 1.5 ml and 2 ml of 'MEDIA -ANTIBIOTIC' in the apical and basolateral side respectively. At this point the first TER measurements can be made and recorded. c) From day 2 onwards, TER measurements are recorded every 24 h and complete media changes (all antibiotic-free) are conducted every 48 h. Inserts can be inspected on a daily basis, using an inverted microscope, for fungal or bacterial contamination. Ideally, by day 6 TER measurements should be ≥ 1000 Ω cm 2 (after correction for background resistance). Cells on inserts can be observed in Figure 1c . Note: Observation of inserts for contamination should always be made prior to measuring TER. If this is not done, the 'chopstick' electrodes, which need to be immersed in the insert media, may cause cross-contamination of inserts. If contamination is observed, the contaminated insert/s can be removed without affecting neighboring inserts. It is also common practice to wash 'chopstick' electrodes with ethanol and rinse with PBS (pH 7.7) between plates to avoid cross-plate contamination. If a cell culture insert is removed, it is good practice to rinse out the associated (now empty) well with 70% ethanol. C. Procedures for the preparation and culture of 'reconstructed' DSI epithelia (comprising pavement cells and mitochondria-rich cells) 1. The preparation of fish and gills should be performed as outlined in the procedures for the preparation and culture of epithelia comprising of pavement cells only. 2. The fist tryptic digestion of the gill filaments should be performed as outlined in the procedures for the preparation and culture of epithelia comprising of pavement cells only.
First direct seeding of cell culture inserts:
Using cells suspended in 'MEDIA + ANTIBI-OTIC', determine cell numbers with a hemocytometer. At this stage, cell viability can be determined using standard techniques of eosin dye exclusion. Based on cell counts, place the appropriate number of cell culture inserts into accompanying cell culture plates. Seeding density is normally in the region of 2-3 × 10 6 viable cells cm 2 . Before adding cell suspension, wet the cell culture inserts with a few drops of 'MEDIA + ANTIBIOTIC' and allow to stand for several minutes. After aliquoting the appropriate volume of cell suspension into the apical side of the cell culture insert, make the final apical volume up to 0.8 ml with 'MEDIA + ANTIBIOTIC'. Add 1 ml of 'MEDIA + ANTIBIOTIC' to the basolateral side and clearly label each plate with seeding date. Incubate plate/s at 18 °C in an air atmosphere for 24 h. Note: After seeding the cell culture inserts we generally assign this culture time to be day 0. 4. After 24 h incubation a second direct seeding of the inserts should be conducted. The procedures for the preparation of fish and gills should be performed as outlined in the procedures for the preparation and culture of epithelia comprising of pavement cells only. In addition, the procedures for tryptic digestion of the gill filaments should be performed as outlined in the procedures for the preparation and culture of SSI epithelia.
5. Second direct seeding of cell culture inserts a) Using cells suspended in 'MEDIA + ANTIBIOTIC', determine cell numbers with a hemocytometer. Cell viability can, again, be determined using standard techniques of eosin dye exclusion. The second seeding density is also normally in the region of 2-3 × 10 6 viable cells cm 2 . Prior to the addition of this second cell suspension, aspirate all media from the inserts and rinse any mucus away with PBS (pH 7.7). This may take several attempts, depending on how much mucus has accumulated. After aliquoting the appropriate volume of cell suspension into the apical side of the cell culture insert, make the final apical volume up to 0.8 ml with 'MEDIA + ANTIBIOTIC' and add 1 ml of 'MEDIA + ANTIBIOTIC' to the basolateral side of the insert. Incubate plate/s at 18 °C in an air atmosphere for 24 h. b) On the following day, aspirate all media from the cell culture inserts and rinse away mucus with PBS (pH 7.7). Again, several rinses may be required to remove all mucus. Add 1.5 ml 'MEDIA + ANTIBI-OTIC' to the apical side of the cell culture insert and 2.0 ml 'MEDIA + ANTIBI-OTIC' to the basolateral side. At this point, TER measurements can be made. Typically, it is encouraging to get TER readings that are above 100 Ω cm 2 (after background correction). Note: If initial TER readings are significantly lower than 100 Ω cm 2 (after background correction) a third direct seeding may be necessary. c) Measure and record TER daily and change media every 48 h. Typically, during the media change that occurs 96 h after the initial seed (day 4 of culture) we change from using 'MEDIA + ANTIBIOTIC' to using 'MEDIA -ANTIBIOTIC'. All media changes after this point are conducted using 'MEDIA -ANTIBIOTIC'. Ideally, after 6-7 days culture, the inserts should exhibit a TER > 1000 Ω cm 2 . Note: Cell culture inserts should be observed on a daily basis to check for contamination. These observations should, again, be conducted prior to measuring TER for reasons previously outlined. Any contaminated cell culture inserts should be immediately removed and the associated plate well should be rinsed with 70% ethanol. 
Results and discussion

Generation of cultured epithelia
The procedures outlined above are based on methods originally outlined for the flask culture of gill cells [32] and are routinely employed in our laboratories to generate 'reconstructed' flat epithelial preparations from freshwater rainbow trout [13, 15, 16, 42, 43] . However, several factors have to be considered before adopting these procedures. Firstly, the quality of epithelia appears to vary according to season. In the warmer summer months we find that the generation of high quality epithelia is less successful than during the cooler months of the year. It has been suggested that this may relate to fish condition itself [43] however, this may also relate to high room temperatures, a phenomenon that can be offset if the procedures are carried out on ice. Secondly, the onset of warmer weather is often associated with increased contamination problems. Normally we prefer to exclude the use of antibiotics in our culture media after day 4 (flask culture for SSI epithelia) or day 5 (DSI epithelia) however, during the warmer months antibiotics may be used throughout the culture period. This does not appear to alter epithelial function [16] and will greatly reduce contamination problems.
Growth of 'reconstructed' epithelia
The TER of all epithelial preparations was sigmoidal over time and, typically, the TER of both SSI and DSI epithelia reached a stable plateau 6-9 days after first seeding (Figure 2 ). The TER of SSI preparations normally plateau around 1000-5000 Ω cm 2 , (Figure 2b ) with occasional preparations displaying a TER as high as 20,000 Ω cm 2 ( Figure 2a ) Similar variation in TER can be observed in DSI preparations, however, DSI preparations exhibit a propensity towards higher TER measurements (with values ranging from 1300 to 34,000 Ω cm 2 ). These variations appear to be natural and originate from the fish themselves as even the strictest laboratory standardization cannot eliminate them. Furthermore, it has been noted that fish cultured during the cooler months (water holding temperatures of 6-10 °C) of the year often produce higher resistance epithelia than those cultured during the warmer months (water holding temperatures of 11-16 °C) [43] . This natural variation can be exploited to examine epithelial 'tightness' and parameters that may be affected by changes in epithelial permeability (see [43] ), however, the worker should be aware that individual experiments should, when possible, always be carried out on a single batch of inserts. Comparison between the current preparations and TER values from other cultured epithelia would seem to indicate that the cultured gill preparations are markedly 'tighter' than 'leaky' epithelia from tissues such as the fish kidney ( derived from tissues such as rat alveolar cells (2.3 kΩ cm 2 [9]) and toad A6 kidney cells (1.6-5.0 kΩ cm 2 [5, 38] ). Particularly encouraging is the similarity found between TER measurements across the cultured preparations and TER measurements found across dissected epithelial preparations that have been tested in vitro as possible surrogate models for the freshwater gill (11 kΩ cm 2 for the cleithral epithelium of trout [26] ; 3.7 kΩ cm 2 for the opercular epithelium of freshwater-adapted tilapia [14, 31] ). Similarly, cultured gill pavement cells from the marine fish (Dicentrarchus labrax) also exhibit a high TER [1].
Epithelium composition
It has been established [42] , and can be routinely demonstrated using mitochondrial specific dyes such as rhodamine 123 or DASPEI, that the SSI epithelium is comprised solely of pavement cells. Transmission election microscopy has revealed that the SSI epithelium consists of multiple overlapping cell layers that are normally 2-4 layers thick (occasionally 5 or 6) [42] . The apical surface of the epithelium has a prominent glycocalyx and exhibits characteristic apical projections that are consistent with the development of structural polarity. Cell-tocell contact in the form of tight junctions can also be easily observed. All of these observations are in line with observations of pavement cell structure in an intact gill epithelium [22] .
The majority of cells comprising a DSI preparation are pavement cells and are structurally consistent with observations on the SSI epithelium; however, the presence of MR cells is unique to the DSI preparation. These MR cells fluoresce brightly when stained with rhodamine 123 (Figure 3 ) and normally constitute around 15% of the total epithelial cell number [13] .
The majority of MR cells can be observed as individuals nested in the general epithelium; however, prominent MR cell 'clusters' can often be observed [13] . Transmission electron microscope observations have revealed that the cultured MR cell also exhibits numerous similarities with MR cells found in intact gill epithelia. Most notable is the abundance of mitochondria within the cell. In addition, both cell types are also open apically to the external environment (or in the case of cultured cells, to the apical culture media) and possess an anastomosing tubular system [13] .
Applications of 'reconstructed' epithelia
The principal intended application for 'reconstructed' flat epithelia is to employ this system as a surrogate model for the freshwater fish gill and a considerable degree of success in this area has already been established [13, 15, 16, 42, 43] . This is particularly so with regard to the passive electrical and transport properties of the epithelium which duplicate the intact gill quite well [42, 43] . However, the active transport properties of the epithelia still require considerable development [42, 43] .
Under symmetrical conditions, ion efflux rates for Na + and Cl -are very similar to those found in vivo (Table 1) . On the other hand, under asymmetrical conditions ion efflux rates (for Na + and Cl -at least) are usually several fold higher than those found in vivo (Table 1) . However, ion influx rates under asymmetrical conditions are either very low and passive, as is the case with Na + , or very low but suggestive of active uptake, as is the case with Cl - [42, 43] . This occurs regardless of MR cell presence and as such we currently attribute both phenomenon to the pavement cells [13] ; however, the presence of MR cells does result in low active Ca 2+ uptake across the DSI epithelium under symmetrical conditions (a development that is notably absent in the SSI preparation) [13] . To our knowledge, no theory places only Cl -uptake on the pavement cells [17, 34] which would suggest that either additional hormonal support, nutritional supplementation or other improvements are required before the cells in the epithelium function in a manner identical to those found in vivo. Alternatively, current theories on ion transport across the gill are flawed. In order to establish which of these possibilities is more accurate, further development of the epithelium culture regime using a mixture of the former suggestions is necessary.
The cultured epithelium as a tool for toxicity screening
The cultured gill epithelia can be developed into a screening tool in in vitro toxicology. The preparation has two advantages over the currently used cellbased in vitro methods. Firstly, to our knowledge this is the first in vitro method where cells can be directly exposed to water. Therefore, it offers a unique possibility to mimic the exposure situation in the aquatic environment in an in vitro system. Water samples (lake water, wastewater, drinking water) can be screened directly without a previous extraction procedure. Secondly, the epithelium represents a higher level of organization than single cells.
Endpoints based on epithelial integrity could therefore be expected to be more sensitive than the single cell endpoints currently used in in vitro toxicology (LDH leakage, neutral red assay, MTT assay, calcein assay etc). A recent demonstration of this is the study of [37] . The toxicity of a number of chemicals was tested in a standard cytotoxicity assay using gill cells in suspension. A selected group of the same chemicals were simultaneously tested on cultured gill epithelia using TER as an endpoint. The epithelial preparation was 2-1000 times more sensitive compared to the isolated cells depending on the type of chemical. In vitro cytotoxicity tests are generally less sensitive than in vivo tests. Clearly, single cell toxicity does not reflect organismal toxicity fully and one reason is probably that cell-cell interactions are the targets in the toxic response. Cultured epithelia are one approach to bring in vitro methods closer to the in vivo situation. [40] and [17] and Ca 2+ data from [33] . c In vitro efflux data from [13] calculated according to gill area data of [18] .
